Keratin 1 (KRT1) is overexpressed in squamous carcinomas and associated with aggressive pathologies in breast cancer. Herein we report the design and preparation of the first Trp-based red fluorogenic amino acid, which is synthetically accessible in a few steps and displays excellent photophysical properties, and its application in a minimally-disruptive labelling strategy to prepare a new fluorogenic cyclopeptide for imaging of KRT1+ cells in whole intact tumour tissues.
Fluorogenic Trp(redBODIPY) cyclopeptide targeting keratin 1 for imaging of aggressive carcinomas †
Introduction
In recent years, optical molecular imaging has undergone substantial development into the direct visualisation of cellular features that are associated with disease processes. [1] [2] [3] [4] [5] [6] In this context, the molecular complexity of the probes needed for optimal biological performance requires modern synthetic methods, oen beyond standard protocols. 7 Our group and others have demonstrated the value of peptide-based optical probes as powerful tools to monitor cellular events in real time. [8] [9] [10] Suitable derivatisation of peptides with uorophores is of paramount importance in chemical biology and optical imaging. The most conventional labelling strategies involve the formation of amide bonds between amino groups at the Nterminal end or at the side chains of lysine (Lys) residues. However, in some sequences this approach alters important features of the native peptides (e.g., net charge, H-bonding pattern) and can compromise the recognition and binding affinity for their biomolecular targets.
Alternatively, uorescent amino acids have emerged as minimally-disruptive labelling strategy to construct optical peptide-based probes. [11] [12] [13] [14] Our group has developed efficient protocols to couple green-emitting BODIPY chromophores to the C 2 position of tryptophan (Trp) using Pd-catalysed C-H activation processes. [15] [16] [17] However, a major shortcoming of existing uorogenic amino acids is their uorescence emission in blue or green regions of the visible spectrum, which offer limited sensitivity due to tissue autouorescence, particularly during tissue imaging. Herein we report the rst red-emitting Trp-based uorogenic amino acid and its optimal incorporation into a cyclic peptide to image the protein keratin 1 (KRT1), which is overexpressed in aggressive breast cancer tumours.
Breast cancer is one of the most common malignancies in women, accounting for 15% of total female cancer death in the UK and making it the third most common cause of cancer death. Early diagnosis is critical to achieve effective therapeutic outcomes in patients and to enhance the survival rates. 18 Tomographic and mammography imaging techniques, together with magnetic resonance imaging, are regularly used in the clinic to enhance the accuracy of diagnostic readouts, although they are hampered by their limited spatial resolution and poor specicity at the molecular level. [19] [20] [21] To address these shortcomings, optical molecular imaging is being increasingly used into routine clinical practice, and some translational probes to study biological systems in situ have been reported. 22, 23 KRT1 is focally expressed in squamous carcinomas, which is associated with a rare and aggressive pathology within breast cancer. 24, 25 KRT1 is overexpressed in some breast cancer cell lines (e.g., MDA-MB-231 and MDA-MB-435) whereas is only present in low levels in non-cancerous cells (e.g., HUVEC). 26, 27 The group of Kaur identied by phage display the linear peptide sequence p160, a 12-mer that can strongly bind KRT1 with K d values around 1 mM. 26 In subsequent optimised generations, the authors designed a proteolytically-stable cyclic derivative including a D-Lys ( Fig. 1 ). 27 We envisaged that red uorogenic analogues of the KRT1-binding sequence would enable imaging of aggressive breast carcinomas, hence we designed a Trp(red-BODIPY) building block (1, Fig. 1 ) for minimally-invasive labelling of peptides with a uorophore emitting in the red region. Furthermore, we compared the performance of this new methodology to conventional labelling approaches and prepared an analogue of peptide 2 by coupling the commercial red uorescent BODIPY TR to the amino group on the side chain of D-Lys.
Results and discussion
Design and synthesis of Trp(redBODIPY)
We designed Trp(redBODIPY) (1) by extending the electronic conjugation of Trp-BODIPY with a 2-methylthiophene moiety directly coupled to the position 3 of the BODIPY scaffold. As in other BODIPY dyes, [28] [29] [30] we envisaged that this small (<100 Da) chemical modication would signicantly red-shi the uorescence emission wavelength while retaining most of the molecular recognition properties derived from the Trp-based amino acid. To this end, we envisaged a synthetic approach for the amino acid 1 in which the key step would involve direct arylation of Trp using Pd-catalysed C-H activation 31 with an appropriate haloaryl BODIPY derivative (Scheme 1).
We prepared the 3-iodophenyl-BODIPY precursor 3 through a convergent approach, suitable for the preparation of non-symmetric BODIPY dyes, via regioselective synthesis of the thiophenepyrrole derivative 4. Compound 4 was synthesized by Suzuki-Miyaura coupling between the commercially available N-Boc-pyrrole-2-boronic acid and 2-bromo-5methylthiophene, followed by basic deprotection. On the other hand, the Friedel-Cras acylation between the m-iodobenzoic acid chloride and 2,4-dimethylpyrrole conveniently afforded compound 6. The condensation of compounds 4 and 6 via POCl 3 activation furnished 3-iodophenyl-BODIPY 3 aer subsequent coordination with BF 3 $OEt 2 , although in low yields (22%). 32 Attempts to increase the recovery yields by altering the condensation reaction conditions, including the presence of base or other acid catalysts, were unsuccessful. Although literature precedents account for the feasibility of this synthetic protocol, [33] [34] [35] in this case we observed the formation of the main byproduct 7 as a result of the competitive dimerisation of the thiophenepyrrole 5 due to the acidcatalysed interaction of an electron-rich pyrrole relatively free of steric hindrance. 36, 37 Finally, we performed Pdcatalysed C-H arylation of compound 3 with Fmoc-Trp-OH to obtain the Fmoc-protected Trp(redBODIPY) (1), ready for use in solid-phase peptide synthesis (SPPS). Spectral characterisation of Trp(redBODIPY) (1) conrmed notable uorogenic behaviour with bathochromic shis in absorbance and emission wavelengths (i.e., $60 nm longer when compared to Trp-BODIPY) and uorescence spectrum covering the 570-610 nm range ( Fig. S1 -S4 †).
Synthesis and characterisation of uorescent cyclopeptides
In view of the suitable optical properties of Trp(redBODIPY) (1), we proceeded to the SPPS of uorescent derivatives of the KRT1binding cyclopeptide 2. Syntheses were performed on a 2chlorotrityl chloride polystyrene resin using standard deprotection and coupling SPPS conditions (i.e., DIC and Oxyma). 38 Building blocks for polar amino acids were protected with H 2labile groups (i.e., Tyr(Bzl), Glu(OBzl), D-Lys(Z)) that are compatible with the BODIPY structure. 39 In addition to the unlabelled cyclopeptide 2, we prepared the Trp(redBODIPY)labelled counterpart (8) and the uorescent peptide including the commercial dye BODIPY TR, with similar absorbance/ emission wavelengths to the amino acid 1 (Fig. S5 †) , which was coupled to the side chain of the D-Lys (9) . All peptides were obtained in a similar manner, combining an initial solid-phase sequence elongation followed by head-to-tail peptide cyclisation and nal removal of the protecting groups in solution (Scheme 2).
Notably, we did not observe any signs decomposition of Trp(redBODIPY) in any of the solid-phase procedures, highlighting the chemical stability and suitability of the amino acid for peptide synthesis. The uorescent peptide 9 was readily obtained by formation of an amide bond between the aminocontaining peptide 2 and the activated succinimidyl ester of the commercially available dye BODIPY TR. The three peptides were puried by preparative HPLC and isolated in purities >95% (full characterisation data in ESI †).
Spectroscopic examination of the cyclopeptide 8 showed that it retained the optical characteristics of Trp(redBODIPY) (1) with uorescence emission around 600 nm, where tissue autouorescence is typically low (Fig. 2 ). Peptide 8 also displayed remarkable uorogenic behaviour, with low emission in aqueous media and up to 70-fold uorescent increase in hydrophobic microenvironments (i.e., phosphatidylcholine liposome suspensions) for enhanced signal-to-noise ratios (Fig. 2) . Given that proteases are abundant enzymes at tumour sites, we also investigated the potential degradation of the cyclopeptides 2 (unlabelled) and 8 [Trp(redBODIPY)labelled] when subjected to strong proteolytic environments. We incubated both peptides with a commercially available protease cocktail at 37 C and recorded their chemical stability by HPLC-MS over time. As expected for cyclic structures, both peptides displayed good resistance to proteolytic degradation, with the main products (2 and 8) being the most abundant species even aer 24 h in the proteolytic cocktail ( Fig. 2 and S6 †) . We also observed that the incorporation of the amino acid Trp(redBODIPY) into the structure of the cyclopeptide 2 slightly augmented its resistance to proteases, likely due to the inherent properties of unnatural amino acids. Moreover, the incorporation of Trp(redBODIPY) did not confer any cytotoxicity to the KRT1binding sequence as determined in cell viability assays with HeLa cells (Fig. 2) .
Computational analysis
At the computational level, we investigated the effects of BOD-IPY labelling on the conformational preferences of the cyclopeptide 2 and on its binding to KRT1. For the rst aspect, we used all-atom molecular dynamics simulations in explicit aqueous solvation. The peptidic backbone of the unlabelled peptide 2 was in rapid exchange among various conformations, but the two most populated ones (i.e., representing 68% and 11% of the total population) were dened by the hydrophobic collapse of the side chains Trp, Phe and norleucine (Nle) (Fig. 3a) . Trp(redBODIPY)-labelling preserved this hydrophobic core, and the most abundant conformation of peptide 8 (64% of the total population) clearly overlapped with the most abundant conformation of 2 (Fig. 3b) . In contrast, BODIPY TRconjugation on D-Lys disrupted the hydrophobic core and altered the conformational preferences of the macrocycle. In the most abundant conformation of peptide 9 (46% of total population), the side chain of Nle was no longer involved in the hydrophobic core. Instead, the aromatic rings of the BODIPY TR uorophore stacked over the side chains of Phe and Trp, creating an alternative hydrophobic core. The labelling of D-Lys also increased the conformational diversity of peptide 9 (Table S1 †), which could negatively affect its binding to KRT1. In contrast, the rigid Trp(redBODIPY) stabilised the original conformation of the unlabelled peptide 2 and reduced its accessible conformational space.
In order to further understand the impact of BODIPY labelling on the ability of the cyclopeptides to bind KRT1, we combined structural and sequence information of the protein to generate a putative binding mode (ESI † for full details). The condence on the docking predictions was supported by the convergency of orthogonal data. The top-scoring docking solution for peptide 2 overlapped with multiple MDmix-predicted hot spots 40, 41 and produced an outstanding structural alignment with KRT10, 42 the natural partner of KRT1 ( Fig. 3d and e ). The top-scoring solution of the Trp(redBODIPY)-labelled peptide 8 coincided with that of peptide 2, whereas the lysine-modied peptide 9 bound differently and showed lower scores in the docking solutions (Fig. S12 †) . While this computational analysis does not take into consideration the complexity and potential heterogeneity of cellular systems (e.g. quaternary structures of KRT1 with other keratins), our results suggest that Trp(redBODIPY) labelling does not hinder the natural binding properties of compound 2, in contrast to the BODIPY TR conjugation to D-Lys.
Binding analysis and uorescence live-cell imaging of KRT1+ cells
We next examined the binding and imaging capabilities of the uorescent cyclopeptides in human MDA-MB-231 cells as a KRT1-positive highly aggressive and invasive epithelial, triple- negative breast cancer cell line. 43 First, we performed ow cytometric analysis to measure the relative binding affinity of Trp(redBODIPY)-labelled peptide 8 (Fig. 4) for KRT1expressing cells. The K d for peptide 8 was found to be around 1 mM, in agreement with the values previously reported for the unlabelled KRT1-binding sequences 26, 27 and in line with our results from the computational analysis. Notably, the analysis of peptide 9 in MDA-MB-231 cells indicated around 5-fold weaker binding prole (Fig. S13 †) , which indicates that the incorporation of a BODIPY-based amino acid at the hydrophobic site of cyclopeptide 2 is less perturbative than the classical derivatisation of a lysine residue with the BODIPY TR dye. We also compared the uorogenic capabilities and signal-to-noise ratios of both peptides 8 and 9 by taking uorescence microscopy images of MDA-MB-231 cells aer incubation with the two peptides with and without washing. The uorogenic character of Trp(redBODIPY) allowed us to acquire wash-free microscope images with good signal-to-noise ratios, whereas peptide 9 only discriminated subcellular structures aer washing ( Fig. 4 and S14 †).
Finally, we used peptide 8 for live-cell imaging in both human MDA-MB-231 cells and HUVEC (Human Umbilical Vein Endothelial) cells, which have differential expression levels of KRT1. The red uorogenic peptide 8 brightly stained MDA-MB-231 cells whereas it showed minimal staining of HUVEC cells under the same experimental conditions, indicating strong dependence on the expression levels of KRT1 ( Fig. 4) .
Multi-colour imaging of KRT1+ cells and tumour-associated macrophages in aggressive tumours
Triple-negative breast cancer is an aggressive form of breast cancer with limited therapeutic options, and where new research tools for visualising and understanding its molecular basis are needed in order to develop more effective treatments. MDA-MB-231 cells are aggressive breast cancer cells, but there are limited tools to study how they interact with immune cells in the tumour microenvironment in whole intact tissues. Macrophages are the most abundant immune cells in tumours, and there is evidence that subpopulations of tumour-associated macrophages (TAMs) contribute to cancer progression and metastatic seeding. [44] [45] [46] [47] [48] Therefore, we decided to examine whether the excellent properties of 8 as a red-emitting KRT1binding peptide would enable multi-colour imaging of aggressive tumour cells in combination with TAM markers. First, we induced the tumour formation in NCI nude mice by orthotopic injection of MDA-MB-231 cells. Two weeks aer, tumours were harvested for ex vivo multicolour uorescence staining. In order to study the multicellular composition of aggressive tumour, we incubated tumour tissue sections with peptide 8 (red), anti-Iba1 as a TAM marker (green) and DAPI for nuclear staining (blue).
As shown in Fig. 5 , tumour tissues presented bright red uorescence emission, indicating the presence of KRT1+ aggressive tumour cells. We also detected that some KRT1+ cells were in proximity to green-uorescent Iba1 + TAMs, which suggests their close interaction in aggressive carcinomas. Whereas further studies will be necessary to characterise the exact phenotype of TAMs in these tumours, we demonstrate the utility of the peptide 8 in uorescence imaging studies aimed at understanding dynamic interactions between immune cells and cancer cells in tumour tissues in situ.
Conclusions
In summary, we describe the preparation of Trp(redBODIPY) as the rst red-emitting Trp-based amino acid by Pd-catalysed coupling to a thiophene-appended BODIPY uorophore. Trp(redBODIPY) is compatible with conventional SPPS protocols and it was used to synthesize a minimally-disrupted KRT1binding peptide with red uorogenic properties. Notably, our computational and experimental data indicates that the incorporation of Trp(redBODIPY) within KRT1-binding sequences is more favourable than the conventional lysine derivatisation with BODIPY TR, in terms of binding mode, protein affinity and signal-to-noise ratios. Finally, we used the Trp(redBODIPY)labelled cyclopeptide 8 for live-cell and ex vivo imaging of KRT1+ cancer cells and to study their interactions with tumourassociated macrophages in aggressive carcinomas.
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